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INTRODUCTION
As the deacetylated product of chitin, chitosan is a unique cationic alkaline polysaccharide with a stable structure with an average molecular weight ranging from thousands to millions in nature (Dutta et al. ; Kurita et al. ) .
In chitosan macromolecular chains there are a large number of -NH 2 and -OH groups that can act as reactive sites for versatile chemical modification. The introduction of hydrophilic groups such as acyl, carboxyl, and quaternary ammonium can improve its poor solubility in water (Mourya & Inamdar ; Yeul & Rayalu ) . As a result, chitosan and its derivatives are widely used already in foods, textile industry, chemical industry, agriculture practices, bio-engineering, etc. (Goosen ; Jiang ) . Scaling, corrosion, and the generation of sludge and fouling from bacteria, fungi, and algae are three kinds of major damage in various industrial water systems and practices such as water injection in oil fields, multi-stage flash desalination, brackish water desalination, reverse osmosis operation, and sea water desalination (Liu et al. ) . Nowadays, resourcesaving and environment-friendly water chemicals are taken into consideration. Therefore, chitosan and its derivatives have received much more attention in recent decades due to it being an inexpensive, abundant resource, and considered green due to its biodegradability biocompatibility and biological activity (Rinaudo ; Kean & Thanou ) . Carboxymethyl-chitosan is an amphiprotic ether derivative, which contains active hydroxyl (-OH), carboxyl (-COOH), and amine (-NH 2 ) groups in the molecule, In an attempt to obtain a novel green multi-function water chemical, this paper reports the preparation of amphiprotic chitosan derivatives in which both carboxymethyl group and quaternary ammonium group are introduced together onto chitosan molecular chains. The raw chitosan was first degraded to oligochitosan (OC) with much better solubility and reactivities and then modified through the reaction with chloroacetic acid and 2,3epoxypropyl trimethyl ammonium chloride (Figure 1 ). Carboxymethyl-quaternized oligochitosan (CMQAOC) inhibition to both scaling and bacteria growth, and its biodegradability were evaluated in detail.
MATERIALS AND METHODS

Materials
Chitosan ( 
where K and α are the constants based on the nature of the polymer and solvent material as well as on temperature, and here have values 1.81 × 10 À3 cm 3 /g and 0.93, respectively
where M w is weight average molecular weight, M n is number average e mass. Results show that M v of OC was ∼6 kDa and polydispersity (D) was 1.74, and this suggests the OC having a narrow molecular-weight distribution.
Preparation of CMQAOC
OC (3.00 g), suspended in isopropyl alcohol (20 mL), was mixed with sodium hydroxide solution (20%, 10 mL) in a three-necked flask under stirring at room temperature overnight. Chloroacetic acid (6.00 g in 20 mL isopropyl alcohol) was slowly added into the three-necked flask with stirring.
The content in the three-necked flask was heated to 60 W C in the water bath and allowed to react for 4 hours (Cerrutti et al. ) . Then, the resultant liquor was adjusted to pH ¼ 8-9 using glacial acetic acid. The temperature of the water bath was raised to 80 W C. A certain amount of glycidyl trimethyl ammonium chloride (GTMAC) dissolved in distilled water (20 mL) was dropped into the three-necked 
Characterization of OC and CMQAOC
OC and CMQAOC were subjected to Fourier transform infrared spectroscopy (FT-IR), 1 H-NMR, and X-ray diffraction (XRD) study. The IR spectra were collected at a resolution of 4.0 cm À1 over 4,000-400 cm À1 using a 
where C 0 is initial soluble calcium concentration before incubation in mg/L, C 1 is the final soluble calcium concentration for the inhibited sample after incubation in mg/L, C 2 is the final soluble calcium concentration in the blank test after incubation in mg/L.
The effect on the scale inhibition rate was considered by different Ca 2þ concentrations and inhibitor dosages. The concentration of HCO 3 À and SO 4 2À were regulated to keep the mole ratio of HCO 3 À or SO 4 2À to Ca 2þ at 2:1 or 1:1 in all test samples for scaling inhibition to CaCO 3 or CaSO 4 .
SEM images of scaling product from static evaluation
Scanning electron microscopy (SEM) was used to investigate the morphology of the scaling products from the static antiscaling tests. The images were observed using an S-4800 SEM (Hitachi, Japan) at 3.0 kV.
Extinction dilution evaluation for CMQAOC antimicrobial activity
The extinction dilution method was employed to evaluate the effect of CMQAOC on the generation of heterotrophic 
where A is the number of bacteria for the blank test without biocide in numbers per mL; B is the survival number of bacteria with an addition of biocide in numbers per mL.
Determination of biodegradation rate (BOD 5 /COD) The COD is calculated as follows in Equation (5) COD
where V 1 is the volume of (NH 4 ) 2 Fe(SO 4 ) 2 standard solution for sample solution in mL; V 0 is the volume of (NH 4 ) 2 Fe (SO 4 ) 2 standard solution for blank test in mL; C is the concentration of (NH 4 ) 2 Fe(SO 4 ) 2 standard solution in mol/L, 8 is the molar mass of oxygen in g/mol, and V is the volume of sample solution in mL.
Biological oxygen demand (BOD) was determined for and meanwhile the test was compared with the blank test.
The BOD is calculated as follows in Equation (6) BOD 5 (O 2 , mg=L) ¼
where C The biodegradation rate is equal to the ratio of BOD 5 /COD. When the ratio was greater than 0.45, it is regarded as easily biodegradable; when the ratio was greater than 0.30, it is regarded as biodegradable; when the ratio was less than 0.30, it is regarded as non-biodegradable (Chamarro et al. ) .
RESULTS AND DISCUSSION
Characterization of OC and CMQAOC: FT-IR analysis
The FT-IR spectra of raw chitosan, OC, and CMQAOC is presented in Figure 2 . The 3,400 cm À1 wide peak is formed from the overlap of the -NH 2 and -OH stretching vibrations.
The absorption at 1,655 cm À1 in the spectrum of chitosan can be assigned to amide I. The fact that bending vibration of -NH 2 in OC is strengthened at 1,598 cm À1 indicates degradation disrupts the hydrogen bonding among the chitosan molecular chains. The C-O stretching vibrations for the primary hydroxyl group and secondary hydroxyl group appear at 1,030 and 1,080 cm À1 . These peaks take similar locations and shapes for chitosan and OC. Meanwhile, OC still presents two characteristic absorption peaks for the β-1,4 glycosidic bond at 1,151 and 894 cm À1 . This suggests that the degradation process did not change the basic structure of chitosan chains. Two strong peaks at 1,601 and 1,415 cm À1 in the CMQAOC spectrum are observed due to the asymmetrical and symmetrical stretching of COO À (Liu et al. ).
In the spectrum, the C-O stretching band at 1,030 cm À1 , corresponding to the primary hydroxyl group, disappearsverifying a high carboxymethylation of OH-6. The characteristic peak of the secondary hydroxyl group at 1,080 cm À1 changes little, but the 1,200 cm À1 band has been enhanced and presents new peaks near 570 cm À1 . This indicates that carboxymethylation mainly occurred on the hydroxyl group.
The absorption bands at 1,375 and 1,406 cm À1 originate respectively from -CH 3 and -CH 2 stretching vibration on quaternary ammonium moieties (Mohamed et al. ) , which indicates that the quaternary ammonium groups were successfully grafted.
Characterization of OC and CMQAOC: 1 H-NMR analysis (), 1 H-NMR data demonstrate accurately that the quaternary ammonium moieties were introduced to chitosan chains.
Characterization of OC and CMQAOC: XRD analysis
The X-ray diffraction patterns for chitosan, OC, and CMQAOC are shown in Figure 4 with a copper target and a diffraction angle between 5 W and 40 W . Chitosan has two sharp peaks in the range of 5-40 W and the largest peak is located at 21 W . OC shows two broad and blunt peaks, which implies a decreasing crystallinity. What can account for this phenomenon is that the crystalline region has been degraded and hydrogen bonding between amino and hydroxyl groups are weakened in OC molecular chains. As bulk functional groups are introduced into OC backbone, the ordered arrangement of chitosan caused by corresponding intermolecular and intramolecular hydrogen bonds are disrupted, which accounts for the lower crystallinity of CMQAOC. Consequently, the water solubility of chitosan is improved, which has a great significance for application in water treatment.
Performances for scaling inhibition
Inhibition performance on CaCO 3 scaling
The inhibition efficiencies of OC and CMQAOC on calcium carbonate scaling were studied against different Ca 2þ concentrations and the results are presented in Figure 5 . Figure 6 shows that CMQAOC presented considerably stronger antiscaling activity than that for OC at the same The efficiency inhibition of CMQAOC on calcium sulfate was also obtained against different addition of CMQAOC in comparison with OC, with 1,900 mg/L of Ca 2þ concentration and 4,560 mg/L of SO 4 2À concentration at pH 9 (Figure 8 ). It can be seen that the inhibition rate for CMQAOC is far higher than that for OC at the same dosage, and continues to rise with increasing dosage. The rate is 63% at a dosage of 8 mg/L for CMQAOC. This increased to 90% when the dosage rose to 24 mg/L, with the rate being only 30% for OC.
CMQAOC had a very clear and relatively stable effect
on CaSO 4 scale components. Again, the reason for high scale inhibition rate resulted from much more abundant -COOH, -OH, and -NH 2 groups existing in CMQAOC.
With increasing dosage, more and more polar groups interacted with the surface of the calcium sulfate crystals, changing the charge density of the particle surface. Consequently, the repulsion among these particles is enhanced, leading to precipitation, more open structure and crystalline distortion (Saleah & Basta ) . As a result, the crystallization rate decreased and the scale inhibition rate increased.
In summary, CMQAOC was considered as an excellent inhibitor of CaCO 3 and CaSO 4 scaling.
SEM observation for scaling products
The surface morphology of calcium carbonate or calcium sulfate crystals upon addition of the inhibitor was studied through SEM. Figure 9 shows images of scaling crystals, free or in the presence of CMQAOC, as obtained from the static antiscaling evaluation. On the other hand, the scaling particles would be surrounded due to adsorption of CMQAOC and the charge nature and intensity of the particle surface changed. Consequently, the repulsion among these particles becomes enhanced and the crystallization rate decreased. The crystal lattices were distorted and the capability of bridging interactions was lost, so that the scaling components could be stable in a dispersed state in solution. and antimicrobial activity improves with the increase of DSQ.
Antimicrobial activity of CMQAOC
Biodegradability
The BOD 5 /COD ratio has been employed as biodegradability indicator. When the ratio was greater than 0.45, it may be considered thoroughly biodegradable; when the ratio was greater than 0.30, it implied biodegradable; when the ratio was less than 0.30, it was regarded as non-biodegradable (Chamarro et al. ) . Results in Table 2 show that OC and CMQAOC have a biodegradability ratio (BOD 5 /COD) of 0.80 and 0.45, respectively. Therefore, the OC and CMQAOC were both easily biodegradable.
CONCLUSIONS
CMQAOC was prepared successfully with OC which was obtained via a MW/H 2 O 2 degradation. The chemical structures and physical properties of CMQAOC were characterized by FT-IR, 1 H-NMR, and XRD. The performances and mechanism of CMQAOC for both CaCO 3 and CaSO 4 scaling inhibition were assessed in detail. The results reveal CMQAOC had a good adaptability to the Ca 2þ in pH 8-9. The inhibition ratio for calcium carbonate scale was more than 70% when the dosage of CMQAOC was 20 mg/L, Ca 2þ concentration 465 mg/L, HCO 3 À 
